The UCD community has made this article openly available. Please share how this access benefits you. Your story matters! (@ucd_oa) Some rights reserved. For more information, please see the item record link above.
ABSTRACT: Characterizing the orientation of covalently conjugated proteins on nanoparticles, produced for in vitro and in vivo targeting, though an important feature of such a system, has proved challenging. Although extensive physicochemical characterization of targeting nanoparticles can be addressed in detail, relevant biological characterization of the nanointerface is crucial in order to select suitable nanomaterials for further in vitro or in vivo experiments. In this work, we adopt a methodology using antibody fragments (Fab) conjugated to gold nanoparticles (immunogold) to map the available epitopes on a transferrin grafted silica particle (SiO 2 −PEG 8 −Tf) as a proxy methodology to predict nanoparticle biological function, and therefore cellular receptor engagement. Data from the adopted method suggest that, on average, only ∼3.5% of proteins grafted on the SiO 2 −PEG 8 −Tf nanoparticle surface have a favorable orientation for recognition by the cellular receptor. B iological recognition and active trafficking in biological systems predominates at the nanoscale. Therefore, in principle, nanotechnology represents an opportunity to formulate novel, nanocarrier-enabled systems with precise, functional properties, determined by the engineering of specific features such as size, shape, chemical composition, surface functionalization and targeting moiety decoration. 1 Although there have been some successes with passive targeting, such as that due to the EPR effect, 2 so far limited progress has been achieved in active targeting of nanoparticle-based therapeutics. 3 The overall reasons for this are still under investigation. 4 However, at least part of the problem may originate in known concerns related to bulk chemical methods to fabricate and functionalize nanoparticles, which are poorly understood. In addition, there are no routinely applied methods to map out molecular detail at the nanoparticle surface (which certainly controls biological interactions). 5 This situation is far removed from that of small molecule drugs, where structure is known in exquisite detail, or that of biological drugs, where the interaction motifs are typically both understood and well characterized structurally.
Here we aim to obtain more precise molecular organizational details, including the availability of receptor recognition motifs of biomolecules presented at the surface of nanoparticles. We use this information as a microscopic basis for design development and ongoing quality characterization of bionanoparticles. By using several kinds of immunoprobe that can identify relevant recognition motifs at the surface of the nanoparticles, we map out structural and organizational aspects of model grafted nanoparticles typical of nanoformulations applied in nanomedicine. 4d,6 In addition, we show it is possible to draw connections between details of nanoparticle design and preparation, and more precise structural characteristics of the system. It is worth noting that therapeutic nanoparticles will typically be structural distributions, with all the potential implications for diversity of biological impact, and it is thus valuable to be able also to characterize this functional diversity.
Transferrin (Tf) protein was grafted onto the poly ethylene glycol (PEG) modified SiO 2 nanoparticle surface using thiolmaleimide chemistry to form SiO 2 −PEG x −Tf (where x denotes different lengths). 4c,d More specifically, Tf was randomly grafted, through the available primary amine groups, onto the SiO 2 surface modified with a maleimide PEG linker (schematic representation in Figure 1a and Figure S1 ). Detailed physicochemical characterization of the bionanoparticles and quantification of the protein immobilized on the surface is given in Figure S2 . We prepared and characterized immunoprobes (IG and IQD, respectively) 7 consisting of gold nanoparticles (nominal diameter ∼ 4 nm) and quantum dots (QD) (nominal diameter ∼ 4 nm), functionalized with an antigen-binding fragment (Fab) generated from the monoclonal antibody anti-Tf (mAb), which recognizes the epitope aa 142−145, and serves as a proxy for the Tf receptor binding site. 8 Small Fab fragments, generated by using the proteolytic enzyme papain, 9 ( Figure S3 ) were used in order to improve access to the nanoparticle interface. The functionality of Fab was confirmed by dot blot immunoassay ( Figure S4 ).
The biding efficiency of Fab mAb IG and IQD immunolabels (Figures S5−S7) was evaluated by studying their interaction with SiO 2 nanoparticles with a biomolecular corona of Tf protein (adsorbed-on SiO 2 @Tf and polystyrene PS@Tf), and similar results to those reported in the literature for polystyrene nanoparticles were obtained( Figure S8 ). 7a We began by studying the interaction between SiO 2 −PEG 8 − Tf particles and Fab mAb IG. To ensure that all sites available to the IG labels were accessed, we titrated the nanoparticles to the saturation point by using differential centrifugal sedimentation (DCS) (Figure 1b ). When saturation was achieved ( Figure  1c ), samples were analyzed by transmission electron microscopy (TEM) (Figure 1d , see control in Figure S9 ). TEM imaging of sufficient quantities of the SiO 2 −PEG 8 −Tf particle-IG complexes allowed us to construct the distribution of available epitopes on the nanoparticle surface ( Figure 1e ). The convergence of the distributions in TEM was checked by the progressive addition of measured particles to the analysis ( Figure S10 ). Using DCS, we determined the saturation point of the Fab mAb IG SiO 2 −PEG 8 −Tf interaction at 0.15−0.2 IG labels added per Tf whereas the Tf labeled fraction observed by TEM was only between 3 and 4% of the total grafted protein ( Figure 1e ). Our results by TEM immunolabeling also suggest a high relative epitope variability in the particle-to-particle analysis. This striking result indicating the presence of a small accessible Tf fraction was confirmed using Fab mAb IQD as reporter binders following the procedure described in 7b ( Figure  1f ). SiO 2 −PEG 8 −Tf nanoparticles were incubated with Fab mAb IQD (synthesis and functionalization in Figures S7 ) and the fluorescent signal was measured and compared to a calibration curve ( Figure S7d ). 4% of the total protein grafted onto SiO 2 −PEG 8 −Tf particles was detected by IQD labels (Figure 1g ). Using these techniques together allows for a comprehensive estimation of the accessible fraction of Tf epitopes on the particle surface. Moreover, TEM mapping methodology allows us to estimate the relevant biological functionality of the targeting NP and, significantly, the particleto-particle and batch-to-batch variability.
The low percentage of labeled Tf fraction on the bionanoparticles could be explained by the denaturation of the protein after grafting, by the protein chemical modification (PEGylation), Tf molecular crowding on the particle surface, unfavorable Tf grafting orientation, or Tf partial occlusion by penetrating in PEG layer. 10 The first and second concerns were studied by mapping the surface of Tf adsorbed-on particles (SiO 2 @Tf) where the protein was previously modified to various degrees of PEGylation. TEM measurements of modified SiO 2 @Tf particles showed no observable impact of the accessible epitope fraction by protein PEGylation ( Figure  S11 ). The molecular crowding effect was investigated by grafting different Tf densities on SiO 2 −PEG 8 −Tf particles. An increase in the Tf fraction labeled by IG, from 1 to ∼4%, was observed by increasing the Tf density grafted on the particle surface (Figure 2a ). These results suggest that the grafting methodology has the greatest impact on epitope accessibility ( Figure S12 for available primary amines on Tf). Improving the design of surface ligand architecture could potentially address some of the challenges in the accessibility and functionality of bionanoparticles.
Through the use of linkers of various lengths and, in a more advanced scenario, a bifunctional layer, we attempted to elucidate further the relationship between ligand architecture and epitope accessibility (Figure 2b,c) . In the latter case a long, functional PEG 8 or PEG 24 ligand enables protein grafting while a short, inert PEG 4 ligand is used to improve nanoparticle stability and provide "stealth" properties by inhibiting protein adsorption. 11 We hypothesize that, as ligand mobility increases, the probability of successful antibody−protein recognition is increased. We observed an increase in Tf labeling on mixed ligand SiO 2 −PEG x −Tf particles when compared to one PEG size architecture with comparable protein coverage, by TEM mapping (Figure 2b and S13) . Once it was confirmed that the long functional (PEG 24 ) ligand effectively improves epitope accessibility, we studied the relationship between the degrees of freedom of the long PEG linker and the accessible Tf fraction by TEM. A scenario with a more mobile architecture (low density of long PEG chains by increasing molar ratio PEG 4 :PEG 24 ) allows for a higher number of proteins to be recognized (Figure 2c , and S13). A larger study needs to be conducted to elucidate fully the relationship between PEG lengths, functional ligand mobility and the labeled well oriented protein fraction. Our results (Table 1) suggest that such a relationship exists and it is likely that further design improvements on ligand functionality could lead optimized epitope accessibility.
To summarize, we have demonstrated the potential for immunolabeling techniques to be used in the design phase of protein grafted nanoparticles and promote their ongoing quality control, both key issues requiring immediate advances. Immunolabeling using antibody fragments that actively bind to the antigen molecule (for example, locations that proxy for the receptor interaction site) provides relevant biological characterization for the design of targeted nanoparticles.
Though the interactions described here are not fully representative of protein−receptor interactions, they have provided a better understanding of the structural details of a protein grafted in a particle-by-particle manner that is linked more directly to what "cells see". 12 Together, our results suggest that the epitope accessibility of SiO 2 −PEG 8 −Tf particles is low (approximately 4%). Although PEG length control and ligand layer architecture can enhance this somewhat (∼10%), the overall impression is that standard methods currently in use to graft targeting ligands may lead to quite poor (and heterogeneous) outcomes. There can be little doubt that some of these limitations are due to the random coupling procedures currently in use, which could be readily improved upon by developments in chemical ligation approaches. Though, we cannot be sure that they are a major cause of the difficulties currently reported in targeting studies we do feel certain that they are at least partly involved in those issues. It is clear that improvements in approach are required, and possible, and should be made before further conclusions are drawn about the efficacy of ligated nanomedicines. 
